In head and neck cancer, we continue to work towards a more personalized approach to treatment of patients, where analysis of a patient's tumor guides targeting of molecular or immunologic pathways. Critically important to this pursuit is a better understanding of the direct biologic effect of a drug or combination on the tumor microenvironment in humans, as well as biomarker discovery. These goals are consistent with the primary purpose of a "window of opportunity" trial and while conduct of these trials requires a careful balance of benefits and potential risks, to date these trials have been both feasible and safe in HNSCC in the curative intent setting. In the era of immunotherapy, with countless possible combinations and ongoing clinical trials, window trials are even more important for informing clinical trial design and appropriate combination therapy, and ultimately a more personalized approach to our patients that leads to improvement in outcomes.
Introduction
Squamous cell carcinoma of the head and neck (HNSCC) is the sixth most common cancer worldwide and includes cancers that involve the larynx, hypopharynx, oropharynx, and oral cavity [1] . While smoking and alcohol intake are still traditional risk factors for HNSCC, in recent decades, it has become apparent that the human papillomavirus (HPV) also has an etiological role in squamous cell carcinoma of the oropharynx, and these tumors are associated with an improved prognosis compared to HPV-negative HNSCC [2] [3] [4] [5] . This has led to de-escalation strategies in locally advanced HPVpositive oropharyngeal cancer to improve functional outcomes and escalation of therapy intensity in HPVnegative HNSCC, where there is a clear need for improvement in oncologic outcomes. Additionally, prognosis remains poor in the recurrent/metastatic setting for all HNSCC patients, with a median survival with systemic therapy alone of 10-12 months [6] .
Across tumor types, including in HNSCC, the field has focused on more personalized approaches to treatment of patients. This includes the use of immunotherapy and targeting of molecular pathways, and the only approved drugs for HNSCC are anti-PD-1 mAbs nivolumab and pembrolizumab as well as IgG1 mAb cetuximab, respectively. These approvals, especially more recently with anti-PD-1 mAbs, have led to a great expansion of research and clinical trials evaluating new drug combinations and predictive biomarkers for efficacy. Important to this pursuit is a better understanding of the effect of immunotherapeutic or targeted agents on the tumor microenvironment, and window of opportunity trials can help to achieve these goals.
Definition of a "window of opportunity trial"
A "window trial" in the broadest sense is a trial in which treatment-naïve patients receive a systemic agent or a combination of agents prior to initiation of standard of care therapy, with the primary goal of understanding the mechanisms of action or biomarkers of response of the agent or combination [7] [8] [9] . This is accomplished most often with a paired pre-treatment biopsy as well as post-treatment tissue, the latter usually obtained as part of surgical resection. In addition to pathologic evaluation, window trials can also include pre-and posttreatment imaging for evaluation of response.
In this review, we will summarize ongoing and reported window of opportunity trials in HNSCC and focus on the values and limitations of these trials. While the purest definition of a window trial would exclude a neoadjuvant therapeutic trial where the goal of the trial is to improve efficacy, important mechanistic information can be additionally gained when these trials include methodology typically used in window trials. As such, we have included some of these trials in this review.
Targeted therapy window trials: review of the literature
A number of window of opportunity trials have focused on targeted agents against the epidermal growth factor receptor (EGFR) including monoclonal antibodies such as cetuximab and tyrosine kinase inhibitors erlotinib and afatinib. The epidermal growth factor receptor is a transmembrane receptor that is part of the ERbB family, and stimulation of EGFR leads to activation of downstream pathways including phosphatidylinositol-3-kinase/v-akt murine thymoma vial oncogene homolog, phospholipase-C-y/protein kinase C, and ras/raf/mitogen-activated protein kinase, resulting in increased proliferation and survival of cells [10] [11] [12] . Cetuximab is an IgG1 human-murine monoclonal antibody which blocks EGFR signaling by binding irreversibly to the extracellular domain of the EGFR receptor [13] . Cetuximab remains the only FDAapproved targeted agent for HNSCC, in combination with platinum and 5fluorouracil in the first-line recurrent/metastatic setting and in combination with radiation as part of definitive therapy in locally advanced disease [14, 15] . While overall survival has been increased with the addition of cetuximab in these settings, the magnitude of benefit is small, and this has led to evaluation for predictive biomarkers to select those that may benefit the most. Schmitz et al. conducted a neoadjuvant window trial with cetuximab given prior to surgical resection in patients with T1-T4 SCC of the oral cavity, oropharynx, larynx, or hypopharynx. Cetuximab was given weekly starting day − 15 prior to planned surgical resection and shorter intervals between the last dosage of cetuximab and surgery were evaluated. Therapy was determined to be safe given at an interval of 24 h prior to surgical resection. After treatment with cetuximab, pathologic response was evaluated and 47% (15/32) of patients had G 50% tumor cellularity with 5 having G 25% tumor cellularity. PET was also done preand post-cetuximab and decrease in SUV after treatment was associated with decreased residual tumor cellularity on post-operative pathology. While comparison of pre-and post-tissue revealed significantly decreased expression of pEGFR and pERK, neither of these biomarkers at baseline correlated with change in PET avidity after treatment with cetuximab [16] .
Erlotinib either alone or in combination has been evaluated in the window of opportunity setting. Erlotinib alone was compared to erlotinib plus nonselective COX inhibitor sulindac and placebo with the primary objective of evaluating change in Ki-67 proliferation index comparing pre-and post-paired tumor samples. Ki-67 was significantly reduced with erlotinib or erlotinib plus sulindac compared to placebo, with a trend towards combination therapy having the greatest effect. No clinical correlation was evaluated [17] . Baumen et al. conducted a randomized four-arm window trial with erlotinib, desatinib, erlotinib plus desatinib, or placebo in stage I-IV HNSCC prior to resection. All treatment arms were safe without unexpected toxicity. Erlotinib alone or with dasatinib led to a significantly higher response compared with dasatinib alone or placebo (P = 0.0006). Treatment with erlotinib was associated with reduction in tumor size in 29% of patients with no additive or synergistic effects when combined with desatinib. None of the intervention arms altered any of the 16 selected potential biomarkers in pre-and post-tissue compared to placebo. Furthermore, while baseline pMAPK expression had some association with response to erlotinib, none of the other pre-selected biomarkers (pSrc, pMet, serum IL-6, change in KI-67) correlated with response [18] . Afatinib was evaluated in a multicenter phase II randomized window trial comparing afatinib given for 14 days prior to surgery to placebo. The primary objective was PET response and 70% had a partial metabolic response. Twenty-two percent had a partial response by RECIST. While there was no G4 or G5 toxicity experienced and a pre-specified safety stop rule was not crossed, one patient developed G3 diarrhea and renal failure as well as G3 acute pancreatitis after 11 days on afatinib, and a delay in surgery of 24 days occurred for this patient. Two other patients had delays in surgery of 2 and 4 days. No treatment-related surgical complications were observed. No pre-treatment biomarkers examined (PTEN, HER3, EGFR) were predictive of response. Wild-type p53 status and high cluster3-hypoxia score were both significantly associated with partial metabolic response but not response by RECIST [19•] . Additional targeted therapy window trials are shown in Table 1 .
Immunotherapy window trials: review of the literature
Several drugs targeting the immune system have been recently evaluated in the window of opportunity setting ( Table 1) . As part of a multicohort study, 29 patients received nivolumab 240 mg days 1 and 15 and then underwent surgical resection of their HNSCC. Importantly, no delays in surgery were seen due to treatment-related adverse events, and 48% of patients had reduction in the size of their tumor on repeat imaging done prior to surgery, with 3 patients having a greater than 40% reduction. Analyses of changes in the immune microenvironment are ongoing at this time [20] . In another study, patients with locally advanced (stage III/IV) HPV-negative resectable HNSCC underwent treatment with pembrolizumab X 1 dose followed by surgical resection. Similar to the nivolumab study, no serious drug-related AEs were observed and there were no unexpected delays in surgery or postop complications. Treatment effect on post-operative pathology was seen in 42% (10/24) of patients with downstaging observed. For example, one patient with T2N2b SCC of the buccal mucosa responded and on resection was pathologic stage T1N0. A significant correlation was seen between pretreatment tumor PD-L1 expression, CD8 and CD4 T cell infiltration, and pathologic response. For example, 7/8 evaluable pathologic responders were PD-L1 positive (9 1% TC expression) on pre-treatment biopsy [21] .
Bell and colleagues conducted a neoadjuvant window trial with MEDI6469, an agonist antibody to OX40 in resectable stage II-IVa SCCHN patients.
Patients received three doses of MEDI6469 followed by surgical resection either 2 days, 1 week, or 2 weeks after treatment. Seventeen patients were treated and similar to the studies with anti-PD-1 mAbs, there were no G3 or 4 AEs, delays in surgery, or unexpected surgical complications. They evaluated activation markers Ki-67 and CD38 by flow cytometry in the peripheral blood and found that there was increased activation of CD4 T cells and effector and memory CD8 T cells after receipt of MEDI6469, which peaked approximately 14 days after treatment. Twenty-four percent (4/17) of patients treated experienced proliferation of tumor reactive CD8 T cells double positive for CD39 and CD103 and these four patients remain recurrence free with a median of 24 months of follow-up [22••] . Colevas et al. reported preliminary results of an ongoing study evaluating the ability of PET tracer [23] F-AraG to predict immunologic response after anti-PD-1 mAb given prior to surgical resection. Activated T cells can overexpress dGK and this PET tracer is taken up in cells with high levels of dGK. In 3 patients reported, 1 patient exhibited increased tracer uptake which correlated with an increase in the proportion of activated CD8 T cells in the tumor microenvironment. Pathologic response was not reported [23] . IRX-2 is composed of cytokines that have been obtained from stimulated peripheral blood mononuclear cells. It was evaluated in a phase IIa neoadjuvant trial in SCCHN which included 27 patients [24] . Patients received 10 days of IRX-2 injections with low-dose cyclophosphamide prior to resection. Higher lymphocyte density on resected tumors was associated with increased response and overall survival. Seven patients had matched pre-and post-resection tumor specimens for analysis. By multiplex IHC analysis, 5/7 had increase in CD68 cells, 4/7 had increase in PD-L1, and 4/7 had increase in density of T cells post-IRX-2 treatment, and there was no increase in regulatory T cell subsets in any patients. Although there was variability among individual patients, gene expression analysis by nanostring showed mean increase in genes associated with CD8, CD4, NK cell, and B cell activity as well as increases in gene expression associated with interferon receptors and chemokine pathways, including CXCL12, CCL2, CCL14, CCL19, and CCL21, after treatment with IRX-2 [25] .
In addition to targeting the EGFR pathway, cetuximab can induce the innate immune system through NK cell-mediated antibody-dependent cellular cytotoxicity (ADCC) and additionally stimulate adaptive immunity, specifically the development of EGFR-specific CD8 T cells via NK cell/dendritic cell crosstalk [26, 27] . As such, there is potential for synergy with other drugs targeting the immune system. After safety was established in a phase I trial in the R/M setting, a neoadjuvant window trial combining cetuximab with small molecule TLR8 agonist motolimod was conducted to evaluate quantitative changes in immune cell populations and immune biomarkers [28••] . Therapy was given for 3-4 weeks with surgery conducted 2 days after the last dosage. Evaluation of pre-and post-treatment paired tumor samples showed that combination therapy led to increased infiltration of myeloid antigen-presenting cells, and a decrease in expression of markers of suppression on Tregs, including CTLA4, CD73, and membranebound TGF-B. The latter was an important finding given that cetuximab monotherapy led to increased Treg infiltration of the tumor microenvironment with increased expression of CTLA-4 and TGF-B [29] . In addition, combination treatment led to increased CD8 T cell tumor infiltration and these cells had a more activated phenotype, with decreased expression of inhibitory co-signaling molecules TIGIT, PD-1, and CTLA4 [28••] .
Advantages and disadvantages of window of opportunity trials
The window trial is a careful balance of benefits and risks in maximizing information gained while ensuring patient safety. This balance is especially critical as window trials are most often conducted in a curative intent patient population. Potential risks include unexpected toxicity delaying or preventing curative surgical resection, or causing post-operative complications precluding or affecting the tolerance of standard of care adjuvant therapy. Additionally, there is risk of progression during trial treatment which could hamper the ability to provide curative intervention. To reduce these risks, there are a number of important considerations in designing and conducting a window trial. First, patient safety is paramount. As such, a drug or combination therapy should have an established tolerated dosage from a phase I trial prior to inclusion in a window trial. Additionally, adequate toxicity stopping rules should be included and/or frequent discussions about toxicity during trial should be conducted by the research team. As discussed above, importantly, most window trials in HNSCC have not had unexpected toxicity. Timing and the length of the intervention must be considered, including the additional lag time for screening and enrollment to the trial. Most window trials in HNSCC have had a therapeutic intervention of 2-4 weeks (range 1-6 weeks) and there were no delays in the planned surgical resection in the majority of reported trials (Table 1) . Still, window trials should be conducted at centers experienced in multidisciplinary care and clinical trial monitoring, to reduce these risks as much as possible. While these potential risks without likelihood of direct benefit can deter patients from enrolling, importantly, trials discussed in this review highlight the feasibility of single arm or randomized trials with modest sample sizes (median 31 patients). The primary end points in most window trials are biomarker based or safety. These end points are typically most feasible and in line with the goals of a window trial. If the primary end point includes comparison to control or another intervention arm, it is important that adequate sample size be considered, in order to strengthen the conclusions that can be made from the data obtained. Also, given the risks of window trials, it is important that designs maximize collection of additional information. Therefore, if appropriate, pre-and post-imaging for response correlation and peripheral blood samples should also be collected.
Given the limitations of in vitro and in vivo experiments in mouse models, a major advantage of a window trial is the ability to examine the effect of the therapeutic intervention, with pre-and post-tissue samples, directly in patients. Paired tumor sample collection is often not feasible or ethical in trials in advanced patients. Since surgery follows intervention in most window trials, adequate tissue for more detailed analysis is typically available. This approach can allow for confirmation or rejection of pre-clinical hypothesis especially important to combination therapies and to guidance of future trial design. For example, pre-clinical HNSCC models showed that activation of Src led to resistance to EGFR blockade [30, 31] , providing rationale for combination desatinib and erlotinib; however, despite dual blockade of Src and EGFR with this combination, no synergy was observed in the window trial [18] . Also, whereas cetuximab monotherapy led to increase in suppressive co-signaling molecule expression on Tregs, combination with motolimod was able to reverse this leading to reduction of these suppressive co-signaling molecules [28••, 29] . Towards the goal of being able to decipher the effect of a therapeutic intervention, having a control or comparator arm is important. If no drug is appropriate for comparison, then placebo can be used or rather as some investigators have done, using a randomized design whereby a portion of the patients go right to surgery, so this pathologic specimen can be used as a control, without risking progression on placebo. We favor this latter design rather than having a placebo arm.
The traditional drug development pathway in oncology has been that a new drug is first tested in a phase I setting in the most advanced refractory disease and then if safe transitioned to a phase II and then phase III trial in the advanced setting. If the drug proves itself in the advanced setting, then it is incorporated in trials in the upfront curative setting. While a phase I trial establishes safety, these patients are resistant to multiple lines of therapy, making the likelihood of an efficacy signal, even when cohorts are expanded, lower with subsequent abandonment of drug development if no preliminary efficacy is seen [9, 32, 33] . An open question is how an efficacy signal in a treatment-naïve window trial can be most helpful to inform the development of a new agent or combination in the advanced setting. The limited duration of treatment during a window trial precludes evaluation of the duration of response, which is where many systemic agents fall short in the advanced setting. Additionally, the response to systemic therapy is often higher in the treatmentnaïve setting compared to recurrent treatment refractory setting. For example, afatinib had a response rate of 22% compared to 10% by RECIST 1.1 in the treatment-naïve and second-line R/M setting respectively [19•, 34] . Therefore, a low response rate in an unselected treatment-naïve patient population could serve as a better signal that this agent should not be moved forward in any setting. Additionally, a biomarker-focused window trial done in a timely fashion after phase I dosing is established could serve to inform subsequent selection criteria in phase II/III trials in the advanced setting.
The window trial is especially important in the era of immunotherapy. Currently, both pembrolizumab and nivolumab are approved in R/M HNSCC after failure of platinum-based chemotherapy. Nivolumab, for example, significantly improved overall survival compared to investigator choice chemotherapy in a randomized phase III trial [35] . While this is the first drug in a randomized trial to ever prolong overall survival in R/M disease after platinum failure, response rate was only 13% with an additional 20% achieving SD. Therefore, the majority of patients will progress and not benefit from single-agent anti-PD-1 mAb therapy. With a seemingly infinite number of possible IO combinations, validation of proposed mechanisms of action and synergy and biomarker selection of patients will be critical to determining which combinations to move forward into a phase III trial, and ultimately to be able to select a combination most likely to benefit each individual patient. There are a number of immunotherapy-based window of opportunity trials in HNSCC currently enrolling (NCT02919683, NCT02002182, NCT03618654).
Conclusion
The design and conduct of a window of opportunity trial require adequate maximization of the potential benefits and reduction in the potential risks. Importantly, to date, these trials have been feasible and conducted safely in HNSCC in the curative intent setting. As the oncology field continues to work towards a more personalized approach to treatment, both with immunotherapy and targeted therapy, window of opportunity trials will continue to become even more important for guiding appropriate combinations and biomarkerdriven clinical trial design.
